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Abstract
The etching process of Si02 films on S i(lll) was studied by in situ second harmonic generation (SHG), linear 
reflectivity and ellipsometry. All measurements are very well described with one simple model, with only the etching speed 
as adjustable parameter. In contrast to the linear optical measurements SHG shows high interface sensitivity when the silicon 
is etched clean.
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1. Introduction
S i-S i0 2 is probably one of the most intensively 
studied, yet still poorly understood, interfaces of the 
past decades. The trend to even further reduce the 
gate oxide thickness in IC technology, calls for a still 
better understanding and control of the electronic 
properties of very thin silicon oxide layers. Over the 
past decade second harmonic generation (SHG) has 
been developed into a versatile and sensitive surface 
and interface probe [1-3]. SHG has recently been 
used to study a number of properties of the S i-S i0 2 
interface, including steps and kinks [4,5], strain [6,7], 
preparation and roughness [8] and electric fields [9]. 
Recently we have shown that the strong thickness 
dependence of the s-polarized SHG from thick ther­
mal oxides on S i( l l l )  is completely explained by
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linear optics, due to multiple reflections in the oxide 
layer [10,11], The model combined the calculation of 
the Fresnel coefficients for the three-layer system 
(air-oxide-silicon) [12], with the well-know phe­
nomenological model for SHG [13-16]. It was also 
shown that the amplitude of the SHG signal from 
thin (~  2 nm) oxides depends on the thermal history 
of the oxide [10]. In this paper we report on simulta­
neous in situ SHG and linear reflectivity measure­
ments during the etching of high quality S i02 films 
on S i( lll) . For the same process parameters also in 
situ ellipsometric measurements were performed at 
both the fundamental and SH frequency of the SHG 
experiment, to accurately characterize the linear opti­
cal parameters involved. All four measurements 
(SHG, linear reflectivity and ellipsometry at two 
wavelengths) are simultaneously fitted by a three- 
layer model as described in Ref. [10,11], with the 
etching speed as the only adjustable parameter. As 
expected, for thick oxides everything is governed by 
multiple reflections in the oxide film. Abrupt signal 
changes in the last few nanometers indicate changes
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in the interface region prior to the complete removal 
of the oxide.
2. Theory
For a (111) surface of a cubic crystal, the s- 
polarized SHG signal under s-polarized excitation 
can effectively be characterized by a single response 
parameter x Xxx ° f  x (2) tensor [10,11], The ob­
served intensity Is s can then be written as
4 ,s I ^2iox^ xxsin(34>)L2J 2/ j, (1)
where Lm and L 2ot are the Fresnel factors for the 
fundamental and SH frequency respectively, and <P 
is the azimuthal angle. The dependence of /ss on 
oxide thickness, angle of incidence etc., is governed 
by these Fresnel factors, which can easily be calcu­
lated [12], given the frequency-dependent optical 
constants of Si [17] and S i0 2 [18], In an ellipsometry 
experiment one measures the ellipticity of the light 
reflected from a surface. This can be expressed in 
terms of the ratio of the complex reflection coeffi­
cients for s- ( r s) and p-polarized ( rp) light, and 
related to two ellipsometric angles W  and A [19]:
— =  t a n ( ^ ) e ;4. (2)
Given the optical constants of the three-layer system 
the ellipsometric angles W and A and the linear 
reflectivity R can also be calculated [19]. In this 
way, all four measurements can be described with 
one model, with the oxide thickness (or etching 
speed) as the only variable parameter. For the SHG 
signal and the reflectivity R only an intensity scaling 
factor is added for the fitting.
3. Experiment
The samples are low-doped ( ~ 5 X  1015 cm-3 ) 
p-type Si(l 11) wafers (miscut <  0.5°), with a high- 
quality 300 nm thick thermal oxide. For the etching 
experiment a teflon cell was used, with a number of 
replaceable high-quality suprasil quartz windows, 
thereby accommodating angles of incidence of ~  4°, 
15°, 30°, 45°, 60° and 75°. The etch fluid was 
constantly stirred in order to get even etching and
immediate removal of etched material from the sur­
face of the sample. The same goes of course for the 
quartz windows which were also etched during the 
run of an experiment. Extensive testing however 
showed no roughening of the windows, and trans­
mission measurements in the UV-VIS range showed 
no change in the transmission prior to and after a 
typical SHG etching experiment. If in doubt, win­
dows were replaced. A thermostat bath was used to 
keep the temperature of the etch fluid constant within 
0.1°C. The temperature was recorded with a teflon- 
coated thermocouple placed in the etch fluid. A 
commercially available buffered NH4F etch solution 
was used, with modified pH to obtain etching speeds 
of 1-2 nm /m in. at ~  15°C. Transmission experi­
ments in the 200-900 nm range showed that the etch 
fluid was equally transparent as distilled water, and 
therefore the imaginary part of the refractive index 
of the etch fluid was assumed to be zero for the 
wavelengths used. The real part was measured by 
single-wavelength ellipsometry at 632.8 nm, and this 
was extrapolated to the relevant wavelengths using a 
Cauchy fit and interpolation with the well-known 
refractive index of water. For a given temperature 
the etch speed was constant, i.e. no speed changes 
were found in etching different oxide thicknesses 
[10,11]. This allows to obtain the oxide thickness 
from the etching times. Typical duration of an exper­
iment was three hours. The starting oxide thickness 
was measured by single-wavelength ellipsometry and 
after each measurement a test sample was inserted in 
the etch-cell for a known amount of time to calibrate 
and check the etching speed in situ.
For the SHG experiment the frequency-doubled 
output at 532 nm of a Q-switched Nd:YAG laser 
was used. The fluence of the 8 ns pulses was limited 
to 10 mJ in a 4 mm diameter spot, well below the 
damage threshold and stable within 2%. The SHG 
signal was recorded using appropriate filters, a 
monochromator, photomultiplier and a gated integra­
tor. The amplitude of Is s was measured at an angle 
of incidence of ~  4° on the sample, which was 
mounted on a teflon holder and oriented prior to the 
experiment using X-ray diffraction. Due to the dis­
persion of the etch fluid the generated SHG beam is 
not parallel to the reflected fundamental beam. Great 
care was taken in alignment and the angle that was 
needed to rotate from the fundamental beam to the
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SHG signal was consistent with the change in refrac­
tive index of the etch fluid, as obtained above. The 
linear reflectivity at a 60° angle of incidence was 
measured simultaneously using a green HeNe laser 
at 543 nm. This gave an in situ check of the multiple 
reflections which govern the thick oxide range of the 
measurement. The experiment was repeated under 
identical conditions and using samples cut from the 
same wafer, with a standard rotating-analyzer ellip- 
someter for both the fundamental (532 nm) and SH 
wavelength (266 nm) used in the SHG experiment, at 
an angle of incidence of 75°.
4. Results and discussion
Fig. 1 shows the results of all four measurements 
as a function of the oxide thickness. The points are 
the measurements and the solid lines the fits to be 
discussed below. The top trace is the SHG signal 
Is s, which is simultaneously measured with the linear 
reflectivity at 543 nm, which is shown in the second 
trace. The other two figures represent the measured 
ellipsometric angles W and A for 266 and 532 nm. It 
should be stressed that in total there are only three 
separate etching measurements (SHG +  linear reflec­
tivity, ellipsometry at 266 and 532 nm), all under 
identical conditions, and measured on three samples 
cut from the same wafer.
All four measurements show clear oscillations, 
due to the multiple reflections in the oxide film. The 
linear reflectivity and ellipsometry experiments show 
constant signal after the silicon is etched clean, as 
expected for a surface that is not changing in time or 
is in (dynamic) equilibrium with the etch fluid. It is 
well-known that these buffered NH4F etch solutions 
yield a H-terminated silicon surface [20]. In contrast 
to the linear optical measurements, the SHG signal 
shows a drastic decrease when the silicon is etched 
clean. After this the signal remains constant for some 
time. Using the above mentioned model we fitted all 
four measurements. The optical constants of Si and 
S i0 2 were taken from literature, the angle of inci­
dences and the start thicknesses were put in but not 
fitted, and only the etch rates (one for each of the
three independent measurements) and two scaling 
factors for the linear reflectivity and SHG experi­
ment were fitted. The etch speeds fitted from the 
multiple reflections agreed well with the measured 
ones. As can be seen in Fig. 1, all the measurements 
are very well described by the model.
The key idea of this paper is to use the well-known 
thick-oxide region with the multiple reflections to 
see if there are any deviations from this model in the 
region of the very thin oxide thicknesses, possibly 
indicating transition layers, strain relief or other in­
terface effects. The most obvious deviation is of 
course in the SHG experiment, where instead of 
reaching a constant value the signal decreases drasti­
cally when the silicon is etched clean. Lower SHG 
signals from H-terminated Si compared to oxidized 
Si have been observed by various authors [6,8,21­
25], and is believed to come from two effects. First, 
the smaller electronegativity of hydrogen leads to a 
smaller nonlinear polarizability of the S i-H  bond 
compared to the Si-O  bond. Secondly, at the S i-S i0 2 
interface the Si is strained, leading to a loss of 
inversion symmetry in a thin layer of Si near the 
interface, where the SHG originates [13-16]. Hydro­
gen termination reliefs this strain [26], thereby restor­
ing inversion symmetry in the Si except for the top 
layer. This would also lead to a reduction of the 
SHG signal. Just prior to the large decrease of the 
SHG signal a small peak is observed with an ampli­
tude of ~  2 times the noise level, which has also 
been observed in other in situ SHG etching experi­
ments [23-25]. Coinciding with this, very small but 
reproducible dips were observed in the ellipsometric 
angle A. These have also been observed in other in 
situ ellipsometric etching experiments, and explained 
in terms of the etching of a S\Ox ( 0 < x < 2 )  transi­
tion layer [27], or the formation of a hydrogen layer 
on the silicon surface [28]. All these effects cannot 
be explained within the simple three-phase model 
(am bient-Si02-S i) with ideal sharp interfaces, and 
using literature optical constants. In order to under­
stand these microscopic details we feel it is essential 
to use these different linear and nonlinear optical 
techniques and one model to describe the measure­
ments, using a minimum of free parameters and 
demanding consistency between the different meth­
ods. Such detailed studies for the last few nanome­
ters are planned.
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Fig. 1. Results of in situ optical measurements on the etching of S i0 2 films. SHG for 532 fimdamental wavelength (top trace) linear 
reflectivity using a HeNe laser at 543 nm (second trace), ellipsometric angles V  and A for 266 nm (third set of traces) and 532 nm (fourth 
set of traces). The points are the measurements and the lines are fits to the model described in the text, using only etching speed as fitting 
parameter.
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We have performed in situ SHG, linear reflectiv­
ity and ellipsometric measurements to study the etch­
ing process of S i02 films. It was shown that one 
simple model describes all measurements very good, 
with only a minimum of free parameters. In contrast 
to the linear measurements the SHG signal shows a 
very high interface sensitivity and a large decrease in 
signal when the silicon is etched clean, which is 
explained with simple arguments. This also shows 
that SHG could be a useful indicator of etch-stop 
mechanisms
5. Conclusions
Acknowledgements
We acknowledge O.A. Aktsipetrov for stimulat­
ing discussions. We would like to thank J. Nieboer 
for designing and building the etch-cell, S. Bakker 
from Groningen University for the preparation of the 
thick thermal oxide samples and A. Delsing and H. 
Zandbergen from the National Centre for High Reso­
lution Electron Microscopy in Delft for preparation 
of the HRTEM samples and making of the HRTEM 
pictures. Part of this work was supported by the 
Stichting voor Fundamenteel Onderzoek der Materie 
(FOM), financially supported by the Nederlandse 
Organisatie voor Wetenschappelijk Onderzoek 
(NWO).
References
[1] Y.R. Shen, Nature 337 (1989) 519.
[2] G.L. Richmond, J.M. Robinson and V.L. Shannon, Prog. 
Surf. Sci. 28 (1988) 1.
[3] Th. Rasing, Appl. Phys. A 59 (1994) 531.
[4] C.W. van Hasselt, M.A. Verheijen and Th. Rasing, Phys. 
Rev. B 42 (1990) 9263; Surf. Sci. 251 (1991) 467.
[5] G.G. Malliaras, H.A. Wierenga and Th. Rasing, Surf. Sci. 
287 (1993) 703.
[6] W. Daum, H.J. Krause, U. Reichel and H. Ibach, Phys. Rev. 
Lett. 71 (1993) 1234; Phys. Scr. T 49, (1993) 513.
[7] S.V. Govorkov, N.I. Koroteev, G.I. Petrov, I.L. Shumay and 
V.V. Yakovlev, Appl. Phys. A 50 (1990) 439.
[8] C.H. Bjorkman, C.E. Shearon, Y. Ma, T. Yasuda, G. Lucov- 
sky, U. Emmerichs, C. Meyer, K. Leo and H. Kurz, J. Vac. 
Sci. Technol. A 11 (1993) 964; B 11 (1993) 1521.
[9] O.A. Aktsipetrov and E.D. Mishina, Sov. Phys. Dokl. 29,
(1984) 37-39.
[10] C.W. van Hasselt, M.A.C. Devillers, O.A. Aktsipetrov and 
Th. Rasing, J. Opt. Soc. Am. B 12 (1995) 33.
[11] C.W. van Hasselt, E. Mateman, M.A.C. Devillers, Th. Ras­
ing, A.A. Fedyanin, E.D. Mishina, O.A. Aktsipetrov and J.C. 
Jans, Surf. Sci. 331-333 (1995) 1367.
[12] M. Bom and E. Wolf, Principles of Optics (Pergamon, 
Oxford, 1980).
[13] Y.R. Shen, The Principles of Nonlinear Optics (Wiley, New 
York, 1984).
[14] H.W.K. Tom, T.F. Heinz and Y.R. Shen, Phys. Rev. Lett. 51 
(1983) 1983.
[15] O.A. Aktsipetrov, I.M. Baranova and Yu.A. Il’inskii, Sov. 
Phys. JETP 64 (1986) 167.
[16] J.E. Sipe, D.J. Moss and H.M. van Driel, Phys. Rev. B 35, 
(1987) 1129.
[17] D.E. Aspnes and A.A. Studna, Phys. Rev. B 27 (1983) 985.
[18] E.D. Palik, Ed., Handbook of Optical Constants of Solids 
(Academic Press, New York, 1985).
[19] R.M.A. Azzam and N.M. Bashara, Ellipsometry and Polar­
ized Light (North-Holland, Amsterdam, 1977).
[20] P. Dumas, Y.J. Chabal and G.S. Higashi, Phys. Rev. Lett. 65 
(1990) 1124.
[21] U . Emmerichs, C. Meyer, K. Leo, H. Kurz, C.H. Bjorkman, 
C.E. Shearon, Y. Ma, T. Yasuda and G. Lucovsky, Mater. 
Res. Sci. Symp. Proc. 281 (1992) 815.
[22] U. Emmerichs, C. Meyer, H J. Bakker, H. Kurz, C.H. Bjork­
man, C.E. Shearon, Jr., Y. Ma, T. Yasuda, Z. Jing, G. 
Lucovsky and J.L. Whitten, Phys. Rev. B 50, (1994) 5506.
[23] I.V. Kravetsky, L.L. Kulyuk and A.V. Micu, Surf. Interface 
Anal. 22 (1994) 350.
[24] O.A. Aktsipetrov, I.V. Kravetskii, L.L. Kulyuk, E.E. Strum- 
ban and D.A. Shutov, Sov. Tech. Lett. 15 (1989) 719.
[25] L.L Kulyuk, D.A. Shutov, E.E. Strumban and O.A. Akt­
sipetrov, J. Opt. Soc. Am. B 8, (1991) 1766.
[26] X.P. Li and D. Vanderbilt, Phys. Rev. Lett. 69 (1992) 2543.
[27] E.D. Palik, V.M. Bermudez and O.J. Glembocki, J. Phys. C 
10, (1983) 179; J. Electrochem. Soc. 132 (1985) 871; 132,
(1985) 135.
[28] G. Gould and E.A. Irene, J. Electrochem. Soc. 135 (1988) 
1535; 136(1989) 1108.
